We propose a new L-R symmetry model where the L-R symmetry transformation reverse both the L-R chirality and the local gauge quantum number. We add to the model a global gauge quantum number F whose value is one for fermions (minus one for anti fermion) and vanish for bosons. For each standard model (SM) particle we have the corresponding L-R dual particle whose mass is very large and should have decayed at the current low energy level. Due to the global quantum number F , there are no Majorana neutrinos in the model but a Dirac seesaw mechanism can still occur and the usual three active neutrinos oscillation can also be realized. We add two leptoquarks and their L-R duals, for generating the baryon number asymmetry and for facilitating the decay of the L-R dual particles. The decay of the L-R dual particles may also produce large entropy to the SM sector and give a mechanism for avoiding the big bang nucleosynthesis constraint.
I. INTRODUCTION
The left-right symmetry (LRS) model was introduced originally base on aesthetic reason, that is to give a reason for the non-existence of the right weak current [1] [2] [3] . Even though it is no longer the center of attention in the particle physics community, there is no physical fact/observation that has ruled out the LRS model as a viable standard model extension.
All fermions in the original LRS model are doublets of either SU(2) L or SU(2) R , and one has to add a L-R bidoublet scalar to facilitate the mass generation of the fermions, when this bidoublet gain a non zero vacuum expectation value (VEV) [4] . But this bidoublet also causes the mixing between the left and right weak gauge bosons, which is unobserved until now. In the past there is also a variant of the LRS model, where for each standard model (SM) particles one has its left (or right) chiral partner, thus doubling the SM particle content [5] [6] [7] . In this variant model, the fermion mass generation is through seesaw mechanism [8] , except for the neutrino that undergoes a double seesaw mechanism [5] [6] [7] . There is no bidoublet in this variant model, but the seesaw mechanism for the charged fermions is not compatible with the current result for the Higgs scalar coupling to the SM fermions, where the coupling is proportional to the mass [9] . There is also another variant of the LRS model, where one doubled both the particle content and the gauge group of the SM. This model is also known as the mirror model [10, 11] . There is no interaction between the SM particles and the mirror particles, except through the U(1) kinetic mixing and the scalar mixings in the scalar potentials. This other variant of the LRS model has a very rich hidden sector and the mirror particles can be the dark matter candidates. But since the mirror particles do not share any common quantum numbers with the SM particles, the chance to directly detect or generate any mirror particle at the accelerator is very small.
In this paper, we propose a new LRS model with the original LRS gauge group SU(3)⊗SU(2) L ⊗ SU(2) R ⊗ U(1) Y where the gauge couplings of SU(2) L and SU(2) R are equal, g L = g R ≡ g, and the particle content similar to the LRS variant in [5] . But it is not just a modification of the model discussed in [5] . In this model, we have a different L-R symmetry transformation to avoid the seesaw mechanism for generating the particle masses (and the double seesaw for the neutrino mass). We also add the model with additional global gauge quantum number F . The value of the global gauge quantum number F is one for all fermions (minus one for anti fermions) and zero for all scalars and gauge 
bosons. The fermion and the scalar content of the model are given in Table I , where we have classified the particles into two categories: the usual SM particles (plus the right-handed singlet neutrinos), and the corresponding L-R dual particles. Notice that since both the left and right chiral particles exist, this model is free from the chiral anomaly. We also introduce two kinds of leptoquarks ρ and η, and their corresponding duals. The leptoquarks are needed to facilitate the decay of the massive L-R dual particles into the SM particles and the neutrinos.
The L-R dual in this new LRS model is not the same as in the original LRS model. The duals are related to the SM particles by a new LRS transformation, that not only changes the L-R chirality of the particles but also the local gauge quantum number of particles into its charge conjugate representation quantum numbers. The dual of each particle can be seen in Table I . Note that this new LRS transformation does not affect the global gauge quantum number F . In this way, the L-R dual particle will be distinguishable from the SM antiparticles.
II. SCALAR SECTOR
The scalar potential that is invariant under the gauge group and the new L-R transformation is the following,
The parameters µ i 's, λ i 's and ǫ i 's above can be chosen so that the scalar potential can lead to non zero vacuum expectation values (VEVs) for certain scalars. The leptoquarks η and ρ should not have any non zero VEV, since otherwise the gluons will be massive. The χ L and χ R can have different VEV's, written as follows,
where in general v L = v R . These non zero VEV's for χ L and χ R will lead to massive left and right weak gauge bosons. The relevant terms for the mass of the weak gauge bosons, when the χ L and χ R gain VEV, are as follow,
where M WB is the mass matrix of W 3µ L,R and B µ fields which is given by,
where ω = v L /v R . The first and second terms in Eq.(3) directly give the mass of the charged gauge bosons, W L and W R , namely,
While diagonalizing the matrix M WB in Eq. (3) we obtain the masses of the neutral right and left weak gauge bosons (Z R , Z L ) and the photon (A),
where the mixing angles θ W and β are given by,
The mass of the weak gauge bosons in this model is the same as in [5] but different from the usual LRS model. The mass basis weak gauge bosons are related to the original gauge bosons as
From Eq. (10), we have the usual relation for the electromagnetic charge operator Q =
Importantly since there is no bidoublet scalar in this model, then there is no direct mixing between W L and W R as in the original LRS model.
III. FERMION SECTOR
The Yukawa terms in the Lagrangian that are invariant under the gauge, the L-R dual, and the F global gauge quantum number transformation are,
Note that the Yukawa couplings G's and the mass M are 3 × 3 matrices to account for the three generations. After the χ R and χ L gain non zero VEV, the above Yukawa terms will
give mass for the fermions and mixing mass terms for the neutrinos,
Except for the neutrinos, the mass of the L-R dual fermions will be ω −1 times the mass of its corresponding SM particles. The current limit on the charge lepton mass is around 100 GeV [12] , so that means we should have v R > 10 5 v L . For the case of neutrinos, since ν R , N L are gauge singlets, then in general the value of M are not restricted by any gauge symmetry breaking mechanism, thus here we assume that M ≫ v L , v R . This will lead to a seesaw mechanism [8] . The terms in Eq. (14) related to the neutrino masses can be written
which is similar to the one in [13] . The above mass matrix can be diagonalize, and written in term of mass basis neutrino state Ψ = (ν, ν ′ , N ′ , N), where ψ = UΨ, and the mixing matrix
with I is a 3 × 3 identity matrix, V is the following block diagonal matrix
and M δ is the following diagonal matrix
with the 3 × 3 matrices V i (i = 1, . . . , 4) are the matrix that will diagonalize each block sub matrix above, for example
Because the first two block matrices are the same, then V 1 = V 2 . Similarly also for the next two block matrices, then V 3 = V 4 . We have two different order for the mass eigenvalues,
The doublets neutrinos (ν L and N R ) are dominated by the lighter neurinos ν and ν of the neutrino oscillation results [12] , that is the order of the light neutrino is m ν ≃ 10 −12 ∼ 10
GeV. If we assume that the value of G ν is of the same order as the Yukawa coupling of the charged lepton, i.e. G e ≃ 10 −6 ∼ 10 −3 then M should be in the order of (10
GeV.
There is no oscillation between the SM doublet neutrinos and the L-R dual doublet neutrinos. This can be seen clearly if we write down the flavor basis neutrinos in term of the mass basis neutrinos. For the SM doublet neutrinos and its L-R duals, we have
where α, β are the flavour index and the sum in i and j are over 1, . . . , 3. From this, the probability amplitude for a SM doublet neutrino ν Lα with energy E oscillates into a L-R dual doublet neutrino N Rβ after traveling a distance L is
It is clear that the above amplitude is approximately zero due to
and m N = m N ′ . The probability amplitude for a SM doublet neutrino ν Lα with energy E oscillates into a SM doublet neutrino ν Lβ after traveling a distance L is
where we have neglected small terms of order |v L G ν M −1 | 2 . This last result will lead to the usual formulation for the three SM neutrinos oscillation. The oscillation probability
between the doublet neutrinos (either the SM or its L-R dual) and the singlet neutrinos are very small, the largest being of order
IV. THE LEPTOQUARKS
Because the Lagrangian of the model is invariant under the global gauge quantum number F , then there is no massive Majorana neutrinos whose decay can lead to leptogenesis. But a baryon asymmetry can still occur in this model because of baryogenesis from the decay of leptoquarks. The leptoquarks is also needed in this model for facilitating the decay of massive L-R dual particles into particles of the SM. In this section we will first discuss about the baryogenesis and then later we will discuss how the leptoquarks can facilitate the decay of the L-R dual particles.
The existence of leptoquarks in a model may lead to baryon number violation [14] which may lead to baryogenesis if the three Sakharov's conditions [15] are satisfied, namely (i) baryon number violation, (ii) C and CP violations and (iii) departure from thermal equilibrium. In our model, the decay of the two leptoquarks ρ and the η are the same as the textbook case in [16] . The leptoquarks can decay into both the SM fermions and their L-R duals. The decay of leptoquarks, up to one-loop order that can lead to baryogenesis are shown in Figure 1-4 . We summarize the value of baryon number production for those decays in Table II . 
The mean net baryon number produced in the decay of a particle X, is given as [16] ,
where the sum f runs over all final state fermion f , B f is the produced baryon number of the decay process and Γ X is the total decay rate of X. The contribution to ǫ comes from the interference between the lowest (tree-level) order and the one-loop order diagrams, as shown in Fig. 1-4 . From Fig. 1 , the decay rate difference between the decay ρ (24) where (I
ρη ) is the kinematic factor of the internal loop in Fig. 1 due to the exchange of η in the decay of ρ † . As for the decay rate difference between ρ → d R +ν ′ and ρ † →d R + ν ′ (Fig. 2) , we have
where, similar as before, (I
ρη ) is the kinematic factor of the internal loop in Fig. 2 due to the exchange of η † in the decay of ρ. Both Im(I
ρη ) and Im(I
ρη ) in Eqs. (24) and (25) have the same value and they are given by,
where σ := M ρ /M η , while M ρ and M η are the mass of the leptoquarks ρ and η, respectively.
Substituting Eqs. (24) and (25) into Eq. (23), we obtain,
where we have used
Following same steps above, we obtain the mean net baryon number produced from the decay of η as,
Therefore the total mean net baryon asymmetry is given by,
For any value of σ the value in each of the curly bracket above are of order unity, thus the order of the total mean net baryon asymmetry is mainly determined by the coupling constant G's which have to be complex to accommodate the C and CP violations.
The leptoquark start to become non relativistic at temperature comparable to their mass T ≃ M lq , where M lq is the mass of either ρ or η which we assume to be of the same order.
At this temperature the leptoquark number density is determine primarily by their decay rate Γ D and the cosmic expansion rate H ≃ g 1/2 * T 2 /m P l , where g * is the effective relativistic degree of freedoms and m P l is the Planck mass. If at T ≃ M lq the leptoquark decay rate is very small compare to the cosmic expansion rate Γ D ≪ H then the leptoquark can become overabundant. From this requirement and the result in Eq.(28) for the leptoquark total decay rate, we have the lower bound value for the mass of the leptoquark
where α lq = |G i | 2 /4π (i = dν, uν, dd, du). When the leptoquarks start to decay, most of the particles (including the L-R duals) are still relativistic. The leptoquarks contribute g lq = 2 × 2 × 3 relativistic degree of freedoms (due to ρ and η, and their antiparticles, where each has colors) to the g * . We will take the value of g * around 200 when the leptoquarks decay. Baryon asymmetry, that is the ratio of the total baryon number to the total entropy density, produced by the leptoquarks decay is At the lowest order the decay rate of the L-R dual particles can be calculated easily.
Assuming the decay products are massless, and the leptoquark ρ and η are very massive and of the same order, we get the decay rates of the L-R dual particles via leptoquark are
The decay of the L-R dual fermions into the SM fermions via the leptoquarks approximately given by, GeV. Using the assumption for the neutrinos in the previous section, i.e.
particles is approximately
where M lq above is in GeV. If the leptoquarks are too massive, the decay of L-R dual particles are very slow and the L-R dual particles should still be remain in this universe. For ω = 10 −6 and M lq = 10 6 GeV we have τ ≃ 10 −6 s, and the L-R dual particles have decayed away at the current age of the universe. If the leptoquarks should have decayed away before the big bang nucleosynthesis (which is around several second after the big bang) then for the same ω the upper bound for M lq is around 10
The existence of L-R dual neutrinos with the same masses as the SM neutrinos clearly will add additional relativistic degree of freedoms during the big bang nucleosynthesis. This can be avoided if the L-R dual sector is somehow colder than the SM-sector, particularly the temperature ratio between L-R dual neutrino sector and the SM-neutrino sector T ′ /T should be small. If before the decay of the first generation L-R dual particles (except the neutrinos) their energy density dominates the universe, then their decay into ν ′ and the SM particles, will generate large additional entropy to both sectors. Although ν ′ has equal component of ν L and N R but their production depends on the strength of weak interaction in the left and right sectors (i.e. depends on the ratio of M W L to M W R ). Thus the ratio of ν L to N R production approximately proportional to the ratio of ω −4 , which is very large.
Therefore the entropy generation to the SM-sector will be much greater than the one to the L-R dual neutrino sector, and T ′ /T ≪ 1. Thus all neutrinos in the model are Dirac neutrinos, but the seesaw mechanism can still occur and the usual SM neutrino oscillation can also occur. Leptogenesis from the decay of Majorana neutrinos certainly is not available in this model, but the baryon asymmetry can still occur due to baryogenesis from the decay of leptoquarks. Besides for baryogenesis, the leptoquarks are also required for the decay of the L-R dual particles into the SM particles.
The decay of the L-R dual particles may also produce large entropy to the SM sector and
give a mechanism for avoiding the big bang nucleosynthesis constraint.
